We investigate the production of ultra-high-energy cosmic ray (UHECR) in relativistic jets from low-luminosity active galactic nuclei (LLAGN). We start by proposing a model for the UHECR contribution from the black holes (BHs) in LLAGN, which present a jet power P j 10 46 erg s −1 . This is in contrast to the opinion that only high-luminosity AGN can accelerate particles to energies 50 EeV. We rewrite the equations which describe the synchrotron selfabsorbed emission of a non-thermal particle distribution to obtain the observed radio flux density from sources with a flat-spectrum core and its relationship to the jet power. We find that the UHECR flux is dependent on the observed radio flux density, the distance to the AGN, and the BH mass, where the particle acceleration regions can be sustained by the magnetic energy extraction from the BH at the center of the AGN. We use a complete sample of 29 radio sources with a total flux density at 5 GHz greater than 0.5 Jy to make predictions for the maximum particle energy, luminosity, and flux of the UHECRs from nearby AGN. These predictions are then used in a semi-analytical code developed in Mathematica (SAM code) as inputs for the Monte-Carlo simulations to obtain the distribution of the arrival direction at the Earth and the energy spectrum of the UHECRs, taking into account their deflection in the intergalactic magnetic fields. For comparison, we also use the CRPropa code with the same initial conditions as for the SAM code. Importantly, to calculate the energy spectrum we also include the weighting of the UHECR flux per each UHECR source. Next, we compare the energy spectrum of the UHECRs with that obtained by the Pierre Auger Observatory.
Introduction
Cosmic rays (CRs) are a direct sample of matter from outside the solar system, and their study can, for instance, provide important information on the chemical evolution of the universe or improve constraints on Galactic and extragalactic magnetic fields. They can be measured indirectly through the study of extensive air showers that are induced as the CRs hit the top of the atmosphere (known as CR events). The extensive air showers are currently observed using air fluorescence [e.g., High Resolution Fly's Eye (HiRes) experiment 2 ]
Email addresses: idutan@spacescience.ro (Ioana Duţan), lcaramete@spacescience.ro (Laurenţiu I. Caramete) 1 Member of the International Max Planck Research School (IM-PRS) for Astronomy and Astrophysics at the Universities of Bonn and Cologne. Member of the Pierre Auger Collaboration.
2 http://www.cosmic-ray.org or large array, ground-based detectors [e.g., Akeno Giant Air Shower Array (AGASA) 3 ], or both [e.g., Pierre Auger Observatory (Auger) 4 ]. In the future, spacebased detectors might be another option. UHECR particles are mostly protons or fully ionized nuclei with energy above 50 EeV (1 EeV = 10 18 eV). At such high energies, the flux of UHECRs is very low and only a few dozen particles per square kilometer per century are expected. This is one of the main reasons for the difficulty posed in understanding the origin and nature of the UHECRs. Therefore, very large detector arrays are required. The Pierre Auger Observatory, by far the biggest cosmic ray detection instrument, uses air fluorescence and water detection in a hybrid instrument with an aperture of 7000 km 2 sr. Joint efforts have been made during the past decade by worldwide, cosmic ray experiments to help us under-stand from where the UHECRs come and what is their nature. It is believed that the UHECRs originate in extragalactic sources, as the gyroradius of a proton with an energy of 100 EeV is of the order of the dimension of our Galaxy, whereas most of the CR particles with energy below 50 EeV originate within our Galaxy (e.g., Berezinsky et al. 2006; Stanev 2010a,b) . If the UHECR particles are protons, they are subject to energy loss by creating pions through their occasional collisions with the cosmic microwave background (CMB) photons. This process produces a suppression of the cosmic ray energy spectrum beyond 50 EeV, which is known as the Greisen-Zatsepin-Guzmin (GZK) cutoff (Greisen 1966; Zatsepin & Kuzmin 1966) . Therefore, the UHECRs would not be able to survive the propagation from their acceleration sites to us unless their sources are located within ∼ 100 Mpc. The presence of the GZK cutoff at the expected energy in the data released by the HiRes collaboration was taken as strong evidence that the UHECR flux is dominated by protons (Abbasi et al. 2010) . A suppression of the CR flux has also been observed in the data released by the Pierre Auger collaboration (Abraham et al. 2008b (Abraham et al. , 2010b . With respect to primary composition, this collaboration has exploited the observation of the longitudinal shower development with fluorescence detectors to measure the depth of the maximum of the shower evolution, X max , which is sensitive to the primary mass. A gradual increase of the average mass of cosmic rays with energy up to 59 EeV is deduced when comparing the absolute values of X max and RMS(X max ) to air shower simulations (Abreu et al. 2010c) . The data collected by the Pierre Auger Observatory provide evidence for a correlation between the arrival directions of CR events above 55 EeV and the positions of AGN with z < 0.018 (Abraham et al. 2007 (Abraham et al. , 2008a ; Abreu et al. 2010c Abreu et al. , 2011 Aab et al. 2013b) , where the region around the position of the radio-galaxy Cen A has the largest excess of arrival directions relative to the isotropic expectations. The correlation is shown for a selection of AGN from the catalog of Véron-Cetty & Véron (2006) , which do not necessarily follow the same structure as the gamma-ray bursts (GRBs). We emphasize that there is no clear detection of the UHECR sources, just a strong evidence for the anisotropy in the arrival directions of UHECRs. At highest energies, heavy nuclei may be deflected by Galactic magnetic fields, whereas proton propagation is affected by the CMB, as well as by magnetic deflection, though to a less degree compared to that of particles with higher mass number (e.g., Medina Tanco et al.
1998).
UHECRs are most probably accelerated at astrophysical shocks, for instance, through a first-order Fermi mechanism (e.g., Gallant & Achterberg 1999) , in very powerful systems that can be associated with jets and hot spots in AGN and GRBs (Waxman 1995; Vietri 1995) , in large-scale shocks in clusters (e.g., Farrar et al. 2006) , or as iron nuclei in pulsar winds from rapidly-spinning, young neutron stars (Blasi et al. 2000; Fang et al. 2012 ). Numerical simulations of particle acceleration in shocks have been widely performed using different values for the shock Lorentz factor and background conditions at the shock front (e.g., Bednarz & Ostrowski 1998; Achterberg et al. 2001; Kirk et al. 2000; Keshet & Waxman 2005; Niemiec & Ostrowski 2006; Meli et al. 2008) , which lead to a slope of the particle distribution of p ∼ [1.5, 2.5]. Such shocks can also be associated with Poynting flux models for the origin of jets from force-free magnetosphere above accretion disks (e.g., Lovelace 1976; Blandford 1976; Boldt & Ghosh 1999; Blandford 2000; Biermann et al. 2008) . Magnetic reconnection in relativistic jets represents another option for UHECR acceleration cite[e.g.,][]giannios10. As an alternative, Farrar & Gruzinov (2009) showed that very intense, short-duration AGN flares that result from the tidal disruption of a star or from a disk instability can accelerate UHECRs. (See also Waxman & Loeb (2009).) In this paper, we propose a model for the UHECR contribution from relativistic jets in LLAGN and calculate the expected energy spectrum of UHECRs using the SAM code developed by Biermann et al. (2008) , Caramete et al. (2011a) . For comparison, we also employ the CRPropa code, which is set up with the same initial conditions as the SAM code. The particles in the jet are powered by the BH accretion disk and then accelerated at relativistic shocks with energies up to the ultra-high energy (UHE) domain. We limit the launching area of the jets to the innermost part of the disk located inside the BH ergosphere, where the rotational effects of the space-time are very strong. There are several general relativistic magnetohydrodynamic (GRMHD) codes, the result of which show that the jets can be magnetically driven from a thin disk located inside the BH ergosphere via a Penroselike process (Koide et al. 1999; Nishikawa et al. 2005; Mizuno et al. 2007) or via the Blandford-Znajek mechanism (BZ, Blandford & Znajek (1977) ) when a thick accretion disk is considered (McKinney 2006; McKinney & Blandford 2009 ). (But see the simulations by Fragile et al. (2012) , where the BZ driven jet does not depend on the disk thickness.) In contrast to the BZ mechanism, where the power of the jet is proportional to the square of the BH spin (P j ∼ a 2 ), in the model presented here the dependence of P j on a comes through the launching area of the jets (see the equations in Appendices A and C). In the jets, the electrons lose their energy through synchrotron emission, whereas the protons, as well as heavy nuclei (here, iron nuclei), are capable of surviving the radiative cooling and, perhaps, of propagating through the intergalactic and Galactic medium towards us. Since the particle species undergo the same acceleration process, there must be a correlation between the electron synchrotron emission and the energy of the UHECR particles (protons and iron nuclei). We seek this correlation to make predictions for maximum energy, luminosity, and flux of the UHECRs from nearby LLAGN. This is in contrast to the opinion that only high-luminosity AGN can accelerate particles to UHE domain (e.g., Zaw et al. 2009 ). Taking into account the deflection of the trajectories of the UHECRs in the intergalactic and Galactic magnetic fields, we calculate the distribution of the arrival direction at the Earth and the energy spectrum of the UHECRs. The latter is then compared with the energy spectrum obtained by the Pierre Auger Observatory. We point out that LLAGN as sources of UHECRs were also proposed by Moskalenko et al. (2009) , where discussions about the implication of AGN jet power and intergalactic, magnetic field configurations for the observed statistical correlation between AGN and UHECR events are presented. Our work is a step further to that of Moskalenko et al. (2009) , as we include quantitative estimations of UHECR flux using its correlation to the AGN jet power, as well as simulations of UHECR particle propagation in the intergalactic and Galactic magnetic fields. To obtain the energy spectrum of UHECRs, we use a complete sample of 29 LLAGN with a total radio flux density larger than 0.5 Jy (Biermann et al. 2008; Caramete et al. 2011a) . About 80% of our sample is contained in the all-sky catalog of local radio galaxies of van Velzen et al. (2012) , which is used to seek for the correlation between the UHECRs and LLAGN (van Velzen & Falcke 2013) . The fact that some sources of our sample are not included in the catalog by van Velzen et al. (2012) might be attributed to the difference in the data; i.e., the frequency at which the radio flux density was measured: 5 GHz in our case and 1.5 GHz and 843 MHz in the case of van Velzen et al. (2012) . In Section 2, we provide a description of the model for the UHECR contribution from relativistic jets in LLAGN. We derive the luminosity and flux of the UHECRs based on the relation between the jet power and the observed radio flux density for a flat-spectrum core source (see Appendix C) and calculate the particle maximum energy taking into account the spatial limit and synchrotron emission losses. In Section 3, we provide the predictions for nearby galaxies as possible sources of UHECRs by employing the SAM code. For comparison, we also use the CRPropa code with the same input setup as for the SAM code. We then compare the results of the two codes with those obtained by the Pierre Auger Observatory. In Section 4, we present a summary of the key points and discuss the implication of this model for further studies of UHECRs.
Description of the model for UHECR source

Model conditions
• We assume that the UHECRs are accelerated by shocks in AGN jets, which are launched from the inner accretion disk which is located inside the BH ergosphere, where the rotational effects of the space-time become much stronger (Duţan & Biermann 2005) . (The inner disk extends from the stationary limit r sl inward to the innermost stable orbit r ms .) In the model by Duţan & Biermann (2005) ; Duţan (2010) , the rotation of the space-time channels a fraction of the disk energy (i.e., the gravitational energy of the disk plus the rotational energy of the BH that is deposited into the disk by closed magnetic field lines, which connect the BH to the accretion disk) into a population of particles that escape from the disk surfaces, carrying away mass, energy, and angular momentum in the form of jets, allowing the remaining disk gas to accrete. The power of the jets can have two components; the one which comes from the accretion power and the other one which comes from the BH rotational energy. The latter component dominates when the mass accretion rate 5 relative to the Eddington accretion rate is belowṁ ∼ 10 −1.8 . 5 Here, the term mass accretion rate refers to the mass flow rate through the disk up to the ergosphere (Ṁ D =ṁṀ Edd ), whereṀ Edd is the Eddington accretion rate.Ṁ Edd is defined from the Eddington luminosity asṀ Edd = L Edd /(εc 2 ) = 4πGM/(εκ T c), where ε is the efficiency of converting the gravitational energy of the accretion disk into radiation and κ T denotes the Thomson opacity. ε depends on the BH spin parameter as ε = 1−E The jet is launched from the inner disk, extending from the stationary limit inward to the innermost stable orbit, and propagates along a cylinder up to a distance of z 0 . Then, it expands freely into a conical geometry with a constant opening angle 2 θ. The magnetic field lines threading the disk near the BH (dashed lines) are wound up, far from the BH, into a toroidal magnetic field B φ that collimates the jet.
• Being driven from the accretion disk, the jet propagates along a cylinder of length z 0 (see Fig. 1 ), where the poloidal and toroidal components of the comoving magnetic field become approximately equal, and then extends into a conical shape with a constant opening angle 2 θ, as a consequence of the free adiabatic expansion of the jet plasma (similar to Markoff et al. (2001) ). The cylindrical surface represents the envelope of the magnetic field lines, which close to the BH are mainly parallel.
(We do not include here a monopole-like configuration of the magnetic field.) We suppose that a shock is produced at the jet height z = z 0 . (Production of a shock associated with the twisting of the magnetic field lines, where the toroidal component of the magnetic field dominates, was observed in GRMHD simulations. See, e.g., fig 3 in Mizuno et al. (2004) .)
• As a result of the shock produced at z 0 , a powerlaw energy distribution of the particles is established. The number density of the electrons in the energy interval E, E + dE [or m e c 2 γ, m e c 2 (γ + dγ)] has, in terms of the Lorentz factor, the following power-law form:
In the case of a conical jet, the normalization of the electron number density is (Blandford & Königl 1979) :
We set the slope of the particle energy distribution to p = 2.2, 2.3, and 2.4.
• The calculations are performed for the case when the UHECRs are composed of 90% protons and 10% iron nuclei (e.g., Allard et al. 2008 ).
• We consider the strength of the BH magnetic field to have its maximum value. This condition provides, in turn, the minimum values of the particle maximum energy, luminosity, and flux of the UHECRs.
Magnetic field scaling along a steady jet
To describe the jet physics, we use the following reference frames: (i) the frame comoving with the jet and (ii) the (rest) frame of the observer, in which the relativistic jet moves with the bulk Lorentz factor. In a frame comoving with the jet, the poloidal component of the magnetic field is considered to vary as B p ∼ z −2 . This variation follows from the conservation of magnetic flux along the axis z. To keep the field divergencefree, the toroidal component must vary as B φ ∼ z −1 . This topology of B φ ∼ z −1 was first derived by Parker (1958) for the magnetohydrodynamics solution of a spherical-symmetric flow (so that, a jet can be considered a conical cut along the flow surfaces). [See also Blandford & Königl (1979) .] At the distance z 0 , the poloidal and toroidal components of the comoving magnetic field become approximately equal B p0 ≃ B φ0 . The distance z 0 might be a few tens of gravitational radii, 6 based on the fact that the VLBI observation, for instance, of the jet in M87 at 43 GHz gives evidence on the jet collimation (by the toroidal magnetic field) on scales of 60-200 r g (Biretta et al. 2002) . More recently, Hada et al. (2011) argued that 43 GHz VLBI core is located at ∼ 40 r g from the central engine, where they performed the core shift measurement by using multifrequency, phase-referencing Very Long Baseline Array observations, and that the measured frequency dependence of the core shift is in good agreement with a synchrotron self-absorbed jets. The structure of the M 87 jet, from sub-miliarsec to arcsec scales, was also investigated by Nakamura & Asada (2013) , where the (bulk) acceleration and collimation of the jet are correlated in a parabolic streamline. The question is whether the streamline can be extrapolated continuously towards 6 The gravitational radius is defined as r g ≡ GM/c 2 = r † g (M/10 9 M ⊙ ) = 1.48 × 10 14 (M/10 9 M ⊙ ) cm, where G is the Newtonian gravitational constant, M is the BH mass, and c is the speed of light.
the jet launching region. To answer such question future observations with high sensitivity, e.g., a space VLBI and/or VLBI at higher frequency than 86 GHz are needed. Next, if we consider the γ-ray emission from M 87 and Cen A, the absorption of the TeV photons produced at about ∼ 100 r g and ∼ 50 r g , respectively, from the BH is small, which means that the observed radiation could come from the BH vicinity (Acciari et al. 2009; Brodatzki et al. 2011; Saba et al. 2013) . Nevertheless, in calculating the luminosity and flux of the UHECRs we do not make use of the exact location of z 0 , we rather extract the ratio of z/z 0 from the expression of the optical depth (Eq. B.4). A large-scale and predominantly toroidal magnetic field can exert an inward force (hoop stress), confining and collimating the jet (e.g., Bisnovatyi-Kogan & Ruzmaikin 1976; Blandford & Payne 1982) . The magnetic hoop stress is balanced either by the gas pressure of the jet or by centrifugal force if the jet is spinning. From z 0 upward, the poloidal component of the magnetic field becomes weaker, so that the field lines are soon wound up in the azimuthal direction by the jet rotation. Thus, above z 0 , the magnetic field along the jet is nearly azimuthal B ∼ B φ (for a steady jet) and varies inversely proportional to the distance along the jet:
where B 0 ≡ B φ0 ≃ B p0 is the strength of the magnetic field at the height z = z 0 above the equatorial plane of the BH. This z-dependence of the magnetic field appears to be contradicted by radio-polarization observations (Bridle & Perley 1984) . These observations strongly suggest that the magnetic field is predominantly parallel to the jet axis initially and only later becomes perpendicular to the jet axis, with some parallel magnetic field left over. Becker & Biermann (2009) argued that the basic pattern of the magnetic field is indeed B φ ∼ z −1 and that the observational evidence for a parallel magnetic field is due to highly oblique shocks. Their argument is based on the observations of the jet structure which might be explained through the occurrence of the moving shocks between ∼ 10 and ∼ 10 3 r g (Marscher et al. 2008) , while the first stationary, strong shock can be produced in the approximate range of (3 − 6) × 10 3 r g (Markoff et al. 2001 (Markoff et al. , 2005 or ∼ 10 5 r g as seen in blazars (Marscher et al. 2008 ).
The strength of the magnetic field in the comoving frame B 0 can be related to the poloidal magnetic field in the BH frame B H (e.g., Drenkhahn 2002) as
where the maximum value of the BH magnetic field is given by
which is obtained in a similar manner as the calculation performed by Znajek (1978) , with the difference that we set the BH potential drop to the specific energy of the particles at the innermost stable orbit, whereas Znajek (1978) makes use of the fact that the Eddington luminosity sets an upper bound on the radiation pressure (as the disk is radiatively efficient). The maximum value of the BH magnetic field corresponds to the time when the accretion rate was as high as the Eddington accretion rate. In this case, the BH spin parameter 7 is limited to a * = 0.9982 (Thorne 1974) . Although this limit might be even closer to the maximal value of the spin parameter a * ∼ 1, this will introduce just a small variation of the maximum value of the BH magnetic field.
Luminosity and flux of the UHECR
In this section, we seek for the UHECR luminosity flux (F CR ) specified as a function of the observed radio flux density. First, we consider the UHECR luminosity defined as
where it is assumed that the UHECR luminosity is a fraction (ǫ CR ) of the jet power, with
If we were to adopt the point of view that the jet power is shared equally in a comoving frame between the baryonic matter, magnetic field, and cosmic rays extending to the highest energy, ε CR ≃ 1/3. In the jet-disk model of , the energy equipartition in the comoving frame appears to be a good approximation. It would also suggest that AGN driven by the BH rotational energy, and suffering from a low mass accretion rate, may attain a higher Lorentz factor, consistent with some observations. Now, we can obtain the cosmic ray luminosity by dividing the expression of the jet power in Eq. C.2 by 3. In section 2.5, we write down the UHECR luminosity for the case of p = 2.4. Given the UHECR luminosity, we can easily obtain the UHECR flux:
where we do not include the cosmological distance as we refer to nearby radio sources with a flat-spectrum core and a redshift down to z ∼ 0.025.
Maximum particle energy of the UHECR
Now, we look for the maximum energy of the UHECR in the case of the spatial (geometrical) limit ; i.e., the jet particle orbits must fit into the Larmor radius. Conform to Gallant & Achterberg (1999) , the maximum particle energy in the downstream rest frame can be written as
where γ s is the Lorentz factor of the shock and Z is the particle mass number. Equation 7 corresponds to relativistic shocks, being larger by a factor γ s than that resulting from a conventional geometrical comparison of the gyration radius (Hillas 1984) . Using the expression for the magnetic field along the jet (Eqs. 2 and 3) and the fact that tan θ = r 0 /z 0 , the maximum energy of the UHECR particles (in the observer frame) becomes:
For protons, (9) where γ s ≃ γ j was used. Next, we look for the maximum energy of the UHECR in the case of the synchrotron loss limit (Biermann & Strittmatter 1987) . Setting synchrotron losses equal to diffusive shock acceleration gains, Biermann & Strittmatter (1987) showed that a ubiquitous cutoff in the non-thermal emission spectra of AGN can be explained. This requires that the protons to be accelerated near 10 21 eV. The frequency cutoff (ν * ) might be produced at about (3 − 6) × 10 3 r g . Rewriting the expression for the maximal proton energy derived by Biermann & Strittmatter (1987) , 
Model set of equations
Taking r = 2 r g and B H ≃ B max H , the equations for the maximum particle energy in the spatial (Eq. 9) and loss (Eq. 11) limits, as well as for the UHECR luminosity (Eq. 5 with C.2) for p = 2.4, become: 
For the expression of E loss max in Eq. (12), we can choose (z/z 0 ) ∼ 10 3 , based on the results obtained by Becker & Biermann (2009) , which show that a first large steady shock can be produced at about z ∼ 3 × 10 3 r g [following the work by Markoff et al. (2001) ]. Nevertheless, for the calculation of the UHECR energy spectrum, we use the expression of E sp max , which provides higher values for the particle maximum energy. We note that if (z/z 0 ) > 10 3 , we should make use of E loss max .
Predictions for nearby galaxies as ultra-highenergy cosmic ray sources
In order to formulate predictions for the sources of UHECRs, we use a two-step analysis, as follows:
1. we elaborate a physical model of the UHECR sources (previous section) and then 2. we consider the deflection of the trajectories of the UHECRs by the intergalactic magnetic fields and calculate the distribution of the arriving directions and the energy spectrum of the UHECRs using both the SAM code and the CRPropa code (see below). We apply the model proposed in this paper to a complete sample of extended, steep spectrum radio sources 8 (Biermann et al. 2008; Caramete et al. 2011a) , at redshift z < 0.025 (about 100 Mpc), with a total radio flux density larger than 0.5 Jy. The numbers for the estimated flux and maximal energy exclude the GZK effect, but includes the distance effect. The selection criteria used by the authors are presented in more detail in their papers. Table D .1 lists the predictions for the maximum energy and flux of the UHECRs. To calculate the errors of these quantities, we use the method of propagation of uncertainty. We emphasize that there could be a common scaling limit, such as a condition that the Larmor radius has to fit three times or five times into the jet. The scaling limit is not critical to our predictions as long as we refer the quantities to, say, those of M 87; therefore, the jet parameters (γ j , ϕ, and θ) for all the sources in Table D .1 are assumed to be the same as for M 87. In the simulations described below, we use columns 5 and 7 of Table D.1. For the SAM code, we start with a sufficient initial number of particles at the level of the detected UHECR flux in the selected energy interval (above 2 × 10 19 eV) and then distribute these particles to each source in the list (Table D. 1) taking into account the calculated flux of the UHECRs at the source. This is performed by using the Monte-Carlo method in which we consider the 8 For radio galaxies, a flat-spectrum core source has a spectral index which is typically α 0.5 at the very center and α ≃ 0.5 − 0.7 at a larger radius (the compact radio core can be extremely weak compared with the very bright and luminous radio lobes, suggesting that the radio core might suffer absorption). The latter spectral index corresponds to a power-law index of the accelerated particle of p ≃ 2.0 − 2.4. The extended emission, which includes the emission from the radio lobes, can have a steep spectrum. calculated UHECR fluxes as weights to randomly distribute the particles to each source in the list. This is equivalent to drawing numbers from a distribution according to a list of weights which is attached to the distribution. In this way, the most active source produces more UHECRs and, therefore, we can relate such source with more particles from the total number of the injected particles (that propagate through intergalactic and Galactic magnetic fields). Next, to associate a value of the energy to each UHECR, we randomly generate a range for the energy of the particles that come from each source using three power laws: E −2.2 inj , E −2.3 inj , and E −2.4 inj , where we consider the estimated maximal energy of the particles as an upper limit of the energy range. Here, we assume the initial distribution of the UHECRs at the source to be constituted of 90% protons and 10% iron nuclei, as considered by Allard et al. (2008) . Future upgrade of the SAM code will include the interactions of the UHECR particles with different backgrounds (e.g., CMB, IR, Optical, and UV radiation). To obtain the energy spectrum and the distribution of the arrival directions at the Earth of the UHECRs, we estimate the deflections in the intergalactic magnetic fields using the method applied in the numerical simulations performed by . This method provides a distribution of deflection angles of protons in the intergalactic magnetic fields corresponding to the following intervals of the energy of the particles: (i) from 10 EeV to 30 EeV, (ii) from 30 EeV to 60 EeV, and (iii) beyond 60 EeV. When taking into account the deflection of UHECR trajectories by the magnetic fields, we have to consider separately the effects produced by the intergalactic magnetic fields (Ryu et al. 1998; Dolag et al. 2005; Ryu et al. 2008 ) from those produced by the magnetic field of our Galaxy (Breitschwerdt et al. 1991; Everett et al. 2008 Everett et al. , 2010 . For the SAM code, we use the scattering laws from the Fig.7 of Das et al. (2008) with the following fitting formulas: where θ denotes the deflection angle and N θ represents the fraction of events per deflection angle bin, which can be easily translated into a probability to have a certain number of events with a specific deviation angle. Moreover, the core of the distribution of angle deflection is chosen such that to simulate deflections in the Galactic disk, while the rest of the distribution of the deflection angle reflects either the scattering in the cosmological magnetic fields or the scattering in a Galactic magnetic wind which extends into the halo of our Galaxy. Again, using a Monte-Carlo weighted choice for each energy range, we associate to each UHECR a deflection angle from the direction of the source on the Earth sky, and by uniformly random selection we chose a position of the UHECR event in a ring around the source. This leads us to obtaining a sky map of the distribution of the arrival directions of the UHECRs (Fig. 2) . We can easily notice that almost all particles come from Cen A, which is the most active source in the list in terms of the UHECR flux. Near the position of this source, a clustering of events is observed, a picture that resembles the one obtained by the Pierre Auger Observatory (Abraham et al. 2007 ). Such clear cluster of arrival directions of UHECR events around the Cen A point to their source.
To consistently check the results of the SAM code, we compare them with those obtained from simulations that we perform with the CRPropa code (Kampert et al. 2013) . The CRPropa code is freely available and designed to study the propagation of UHECRs in the intergalactic space by including the effects of background interactions and magnetic fields. For the simulations run with the CRPropa code, we use the same initial conditions as for those performed with the SAM code; that is, the same list of sources, initial composition, and initial flux of UHECRs. However, there are two main differences between the two simulation codes that concern (i) the interaction with the backgrounds (which is present in the CRPropa code, but not in the SAM one) and (ii) the models for the intervening magnetic fields between the sources of UHECRs and the Earth's atmosphere (for the SAM code, we consider both the extragalactic and the Galactic magnetic fields, as described above, whereas for the CRPropa code, we use the provided standard intergalactic magnetic field. In the present public version of the CRPropa code, the Galactic magnetic field is not included). Figure 3 shows the energy spectrum resulted from the simulations performed with the SAM code (the grey area), which is compared with that obtained with the CRPropa code (red crosses) and with the observed by the Pierre Auger Collaboration (blue dots). Here, we show only the plot corresponding to the injected energy spectrum of particles of E −2.4 inj , which provides the best approximation to the observed spectrum. The other two slopes (p = 2.2 and p = 2.3) generate much higher energy spectra for UHECRs than p = 2.4. In order to estimate the simulation errors, a set of 1000 simulations are performed and the global error is computed according to Appendix D. Here, we use from the all sky distribu- Table D .1 (gray area); it represents a collection of 1000 Monte-Carlo simulations perform with the SAM code. The border points represents the minimum and maximum value per energy interval. The energy spectrum that results from the CRPropa simulations is shown with red crosses. The injected energy spectrum at the sources used in both codes (SAM and CRPropa) follows a E −2.4 inj power-law. The UHECR energy spectrum of the Pierre Auger Observatory (Abreu et al. 2011 ) is represented in blue dots.
tion of arriving particles only the ones which fall on the general field of view of the Pierre Auger detector. We note that the experiment makes a certain cut-off in the events that it detects which depends on many parameters like the arrival angle of the particles with respect of the Pierre Auger detector or other factors which are not considered here (for a discussion see Abreu et al. (2011) ). These factors could explain the large errors that appear at the highest energies, as well as the offset of the end points. However, a slight overestimate of the maximal energy of UHECRs at the source might also account for the large errors at the highest energies in the spectrum. Within errors, the simulation results obtained with the SAM code are in good agreement with the observed energy spectrum. The CRPropa simulation provides an energy spectrum which, for the energy range E ∈ [10 19.5 , 10 20 ] eV, is slightly above both the SAM energy spectrum and the observed one. We correlate this discrepancy with the fact the CRPropa code does not include deflection of particles in the Galactic magnetic field. Using a special developed representation software in Mathematica, we also include here a 3D representation of the trajectories of UHECRs (Fig. 4) , generated from the 29 LLAGN in Table D.1. We obtain this representation from simulations with the CRPropa code where we use the same initial setup as for the SAM code. We marked in red the trajectories of the particles that are generated from Cen A. The simulation box size is 100 × 100 × 100 Mpc 3 , where our Galaxy is located at the center of the box. Table D .1. The red curves represent the trajectories of the UHECR particles generated from Cen A. The simulation box size is 100 × 100 × 100 Mpc 3 , where our Galaxy is located at the center of the box. Here, we use the CRPropa simulation code.
Summary and conclusions
In this paper, we address the possibility that nearby LLAGN can be sites of production of UHECRs. The analysis that we perform in the work presented here is two-fold:
1. First, we elaborate a physical model of the source of UHECRs, where the particles are accelerated in LLAGN jets, for which the acceleration regions can be sustained by the magnetic energy extraction from the spinning BH at the heart of the AGN. We relate the observed radio flux density to the luminosity and flux of the UHECRs and calculate the maximum particle energy in both spatial and loss limits. Next, we calculate the energy and flux of UHECR that can be generated from a complete sample of 29 LLAGN (Table D. 1). The results of these calculations are then used as initial conditions for the simulations performed with both the SAM code and the CRPropa one. 2. Second, using the SAM code we estimate the deflection of the trajectories of the UHECRs (90% protons and 10% iron nuclei) by the intergalactic and Galactic magnetic fields, using appropriate distributions of the angle deflections (Section 3) and calculate the distribution of the arriving directions and the energy spectrum of the UHECR particles. We also compare the energy spectrum obtained from the SAM simulations with that resulted from the simulations with the CRPropa code and from the measurements performed by the Pierre Auger Observatory.
From the simulations performed with the SAM code and CRPropa, the best approximation to the observed spectrum measured by the Pierre Auger Observatory is obtained for the injected energy spectrum of particles corresponding to E −2.4 inj . Although the two simulated spectra are in good agreement with the observed spectrum at the highest energies, the spectrum obtained with the CRPropa code overestimates the one measured by the Pierre Auger Observatory in the energy range E −19.5 − E −20 eV. The different behavior of the simulated energy spectra care be attributed to the differences between the two codes. The main difference between the codes regards the deflection of the particles in the Galactic magnetic field, which is not included in the current public version of the CRPropa code, whereas such deflection is already implemented in the SAM code. More importantly, to calculate the energy spectrum, we also include the weighting of the UHECR flux per each source; i.e., we attach to each UHECR source a weigh in flux based on the value of its UHECR flux relative to a canonical value of the flux, which we choose it to be the flux corresponding to M 87. (The use of the relative flux to a canonical value can eliminate the systematic errors.) This weighting of the UHECR flux is not taken into account in the CRPropa code, where all sources can have the same UHECR flux. Therefore, as in the CRPropa code there is not possible to run a single simulation with different number of particles per each source, we have to run separate simulations per each UHECR source (or sublist of sources) from the sample in Table D .1. Thus, we run (i) one simulation for Cen A using 60% of the total injected particle number (N inj ), (ii) one simulation for M 87 and the sources with an UHECR flux at the same level of that of M 87 using 32% of N inj , and (iii) one simulation for the rest of the sources in Table D .1 using the remaining 8% of N inj . Next, we merge these three simulations together to obtain the energy spectrum of UHECRs. The SAM code has the weighting of the UHECR flux already implemented, so that we just use the UHECR flux provided by the model to give the initial number of particle per source. Although we presented a simple model for relativistic jets in LLAGN as sites of production of UHECRs, without including complex phenomena (e.g., magnetic reconnection and instabilities in the jet plasma) that can change the spectrum of the emitted radiation from the jets, the uncertainty on several parameters of the model are still present. For example, we do not know exactly at which distance from the BH a strong shock can be produced. We might overcome this problem by studying each source individually and using observations of high resolution, which may not be available. However, in this paper we have to make assumptions based on the performed measurements. We also do not have obser-vational data for the jet parameters (the Lorentz factor, the angle to the line of site, and the semi-opening angle) of the all sources in Table D.1. We supposed that these jet parameters have similar values as those of M 87. (We note that the difference between the value of the UHECR flux using the observed parameters of the jet for Cen A and that for Cen A but using the parameters of the jet for M 87 is within one order of magnitude.) Thus, the maximum particle energy and flux of UHECRs will be scale only by the BH mass, the radio power, and the distance to the source:
.
where the errors are given by the uncertainties in the radio core flux density, the distance to the AGN, and the BH mass measurements. Therefore high resolution observations in different frequency domains are needed. Moreover, increasing the number of BHs with measured mass, the distribution function of the BH mass of Caramete & Biermann (2010 , 2011b can be improved and then use to determine the masses of supermassive BHs more precisely. We plan to extend the analysis presented in this paper. We will implement the calculations for neutrino and gamma-ray energy spectra. We also intend to use a different sample of LLAGN, e.g., the catalog by van Velzen et al. (2012) and to modify the chemical composition of the UHECRs. These calculations can provide a further test on the exact composition of the UHECRs as different particles behave differently when they propagates through the intergalactic and Galactic magnetic fields.
The surface area between two equatorial surfaces of a Kerr BH can be calculated as
where the Kerr metric functions are:
where r is the coordinate radius. Next, we use normalizations to the gravitational radius, so that r * = r/r g is the dimensionless radius. The surface area is then:
r ms * r * 1 + r −2 * a 2 * + 2r
(A.4) where the factor k 0 increases from ∼ 2 to ∼ 80 as the BH spin parameter increases from 0.95 to ∼ 1. For the first equality, we use the fact that the inner disk, from where the jet is launched, has its inner and outer radii at the innermost stable orbit 9 r ms and stationary limit r sl = 2r g ≡ r 0 , respectively. The comoving density of the jet can be expressed in terms of the ratio of the electron to proton number densities:
(A.5) For protons dominating over the electrons, f ep < 2 × 10 3 , where electrons and positrons can partially occur as secondaries. This fraction of CR is ∼ 10 −2 from data of CRs at 1 GeV. One can get a ratio of unity assuming that the spectra go down to rest mass, which is implausible [see, e.g., Protheroe & Biermann (1996) and references therein]. Substituting Eqs. (A.4) and (A.5) for (A.1), we obtain the mass flow rate into the jet in the observer frame by including γ j :
This expression provides the proton number density, which we use to derive the electron number density:
(A.7) 9 Once the accretion flow reaches the innermost stable orbit, it drops out of the disk and falls directly into the BH. The expression for the radius of the innermost stable orbit r ms is given by eq. (2.21) in Bardeen (1970) . Now, if we consider that the UHECR particles are composed of 90% protons and 10% iron nuclei, the denominator of Eq. A.7 is modified through a multiplying factor of ∼ 7, as we replace n p m p with n p m p + n Fe m Fe . We shall use this result later for evaluating the self-absorbed synchrotron emission of the jets (Section Appendix B).
One can define the distance along the jet where the jet becomes self-absorbed z ssa as the distance z for which τ ν = 1. Using Eq. (B.4), one obtains:
Next, we derive (z/z 0 ) from Eq. B.4 when τ ν = 1. With this, the expression for the total power takes the form: 9) and the emission coefficient is simply j ν = P ν /4π. At low frequencies, the emitting region is opaque to synchrotron radiation and the observed intensity of radiation is proportional to the source function, while at high frequencies, the region is transparent and the observed intensity is proportional to the emission coefficient. This transition corresponds to an optical depth τ ν = 1. Using Eqs. (B.1) and (B.7), the source function (S ν = P ν /(4πα ν )) when τ ν = 1 becomes:
where
To obtain the emission spectrum, one needs to solve the equation for the radiative transfer through a homogeneous medium. Because the angular sizes of the jets are small, instead of the specific intensity of the radiation, one usually measures the flux density F ν (energy per unit time, per unit frequency interval, that passes through a surface of unit area). Thus,
where dΩ = 2πrdz/D 2 s , with D s the distance from the observer to the jet source and r = z tan θ. If we integrate Eq. B.11 from z 0 to z, we obtain the flux density of the synchrotron emission in the case of τ ν = 1 as
12) where the second term in the last squared bracket can be neglected with respect to the first term for z ≫ z 0 (where the jet emission becomes self-absorbed). Using Eqs. (B.5) and (B.10), the flux density is then:
The radio flux density in Eq. (B.13) does not depend on the emitted frequency of the radiation since we already adopted the case of flatspectrum core sources when τ ν = 1. For a power-law synchrotron spectrum of the form F obs ∼ ν −α obs from a continuous jet, the observed flux density is related to the intrinsic flux density as
is the Doppler factor of the jet and ϕ is the inclination angle of the jet axis with respect to the line of sight .
Appendix C. Relation between the jet power and the observed radio flux density for a flatspectrum core source
In the previous section, we established the expression for the radio flux density from sources with a flat-spectrum core (Eq. B.13). This quantity reflects the radiative property of the jet, as the radiated energy is replaced by dissipation of the jet power (e.g., Blandford & Königl 1979) . In this section, we seek the relation between the jet power and the observed radio flux density. First, we consider the jet power in the observer frame defined as
which follows, e.g., from [see also Vila & Romero (2010) ], and for which we need to evaluateṀ j using Eq. A.7. An upper limit for the electron density is specified by n e C ′ 0 . So, we can substitute Eq. (A.7) for the expression of the observed radio flux density (Eq. B.14) and find the mass flow rate into the jetṀ j . The strength of the magnetic field B 0 follows from Eqs. (3) and (4). This procedure yields the power of the jet: where h = [(p + 3)(p + 4)]/10 for a continuous jet emission (Eq. B.14) and f = f 0 k 0 (l 0 f ep ) −1 . We use a normalization value for the Lorentz factor of the jet, say 5, although this factor can range from ∼ 2 to ∼ 100, as observational data suggest. We adopt f ep ∼ 10 −2 (and then f 0 ≃ 1), which means that there is, in average, one hundred electrons/positrons for at least one proton (or one heavy nucleus) in a jet that is powered by a very rapidly spinning BH (a * 0.95) and observed at a large angle ( 10 • ). Flat spectrum cores are predicted for any angle to the line of sight (Blandford & Königl 1979) . They are pointing close to the line of sight only if the cores dominate over the extended emission. Using Eq. (C.2) for the observed radio flux density of a conical jet, we obtain: where the electron number density in the jet scales as ∼ γ j z −2 , B H ≃ B max H , and r 0 = 2 r g . Since the observed radio flux density in Eq. (C.4) is not dependent on the distance along the jet, the expression can be applied to microquasars as well.
Appendix D. Error bars in Monte Carlo computations
Monte Carlo computations are likely to have large errors and it is important to estimate the order of magnitude of the error in an easy way. Therefore, all Monte Carlo computations should report error estimates. If we take I as a random variable for n times and then we consider the value of A = X[I] bŷ
Next, if we use the central limit theorem from the probability theory, which states that the mean of a sufficiently large number of independent random variables, each with a well-defined mean and well-defined variance, will be approximately normally distributed, then:
where σ is the standard deviation ofÂ n and N ∈ (0, 1). We calculate further that σ is σ = 
and finally,
The Monte Carlo data is usually described like A = A n ±σ and graphically we represent the error using a bar of length 2σ with the estimated value of A,Â n in the center and we evaluate the value of A in the interval [Â n −σ,Â n +σ] 
